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The CERN Large Hadron Collider (LHC) has delivered a large sample of $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {p}\mathrm {p}}$$\end{document}$ collisions containing events with a vector boson (V) accompanied by one or more jets (V+jets). Some of these events involve the production of a vector boson in association with jets originating from heavy flavour ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text {HF}$$\end{document}$) quarks and can be used to study specific predictions of the standard model (SM).

These V+jets events constitute an important background to many ongoing searches for new physics beyond the SM. A proper characterization of these processes and validation of their theoretical description is important to provide a reliable estimate of their specific backgrounds to the various searches. For example, third-generation scalar quarks (squarks) that are predicted by supersymmetric theories to decay via charm quarks have been searched for in final states with a charm quark jet ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{c} \text { jet}$$\end{document}$) and a large transverse momentum imbalance \[[@CR1]--[@CR3]\]. A dominant background to this process is the associated production of a $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z} $$\end{document}$ boson that decays invisibly into neutrinos. An improved description of this background can be obtained from a measurement of the same process with the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z} $$\end{document}$ boson decaying into charged leptons.

Similarly, the associated production of a $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {HF}$$\end{document}$ jets is a significant background to the production of the Higgs boson in association with a $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{b} $$\end{document}$ quarks in the final state \[[@CR4]--[@CR7]\], although some models beyond the SM also predict enhanced decay rates in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{c} \overline{\mathrm{c}} $$\end{document}$ final state \[[@CR8]\]. In either case, it is important to understand the relative contribution of the different flavours to the $\documentclass[12pt]{minimal}
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The possibility of observing evidence of an intrinsic charm (IC) quark component in the nucleon has recently received renewed interest \[[@CR9]\]. The associated production of neutral vector bosons and $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {V}+\mathrm{c} $$\end{document}$) has been identified \[[@CR10]--[@CR13]\] as a suitable process to investigate this physics topic. One of the main effects of an IC component would be an enhancement of $\documentclass[12pt]{minimal}
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In this paper we present a measurement of the production cross section at $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{b} $$\end{document}$ flavoured hadrons with a muon in the final state, and (2) using exclusive hadronic decays of charm hadrons. The cross section and cross section ratio are measured at the level of stable particles, which are defined prior to the emission of any electroweak radiation. To minimize acceptance corrections, the measurements are restricted to a phase space that is close to the experimental fiducial volume with optimized sensitivity for the investigated processes: two leptons with transverse momentum $\documentclass[12pt]{minimal}
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The paper is structured as follows. The CMS detector is briefly described in Sect. [2](#Sec2){ref-type="sec"}, and the data and simulated samples used are presented in Sect. [3](#Sec3){ref-type="sec"}. Section [4](#Sec4){ref-type="sec"} deals with the selection of the $\documentclass[12pt]{minimal}
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The CMS detector  {#Sec2}
=================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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Data and simulated samples  {#Sec3}
===========================

The data were collected by the CMS experiment during 2012 at the $\documentclass[12pt]{minimal}
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Samples of simulated events are produced with Monte Carlo (MC) event generators, both for the signal process and for the main backgrounds. A sample of signal $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z} $$\end{document}$ boson events is generated with [MadGraph]{.smallcaps} v5.1.3.30 \[[@CR23]\], interfaced with [pythia]{.smallcaps} v6.4.26 \[[@CR24]\] for parton showering and hadronization using the MLM \[[@CR25], [@CR26]\] matching scheme. The [MadGraph]{.smallcaps} generator produces parton-level events with a vector boson and up to four partons at leading order (LO) on the basis of a matrix-element calculation. The generation uses the parton distribution functions (PDF) set CTEQ6L \[[@CR27]\]. The matching scale between jets from matrix element calculations and those produced via parton showers is 10 GeV, and the factorization and renormalization scales are set to $\documentclass[12pt]{minimal}
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Other physics processes produce events with the same final state topology as the signal. The main background is the production of $\documentclass[12pt]{minimal}
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Generated events are processed through a full [Geant4]{.smallcaps}-based \[[@CR34]\] CMS detector simulation and trigger emulation. Simulated events are then reconstructed using the same algorithms as used to reconstruct collision data and are normalized to the integrated luminosity of the data sample using their respective cross sections. For electroweak processes the cross sections are evaluated to next-to-next-to-leading order (NNLO) with [fewz]{.smallcaps} 3.1 \[[@CR35]\], using the MSTW2008NNLO \[[@CR36]\] PDF set. The cross sections for diboson production are evaluated at next-to-leading order (NLO) with [mcfm]{.smallcaps} 6.6 \[[@CR37]\] and using the MSTW2008NLO \[[@CR36]\] PDF set. The $\documentclass[12pt]{minimal}
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Simulated samples are corrected for differences between data and MC descriptions of lepton trigger, reconstruction, and selection efficiencies ($\documentclass[12pt]{minimal}
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Event reconstruction and selection  {#Sec4}
===================================

Electron and muon candidates are reconstructed following standard CMS procedures \[[@CR19], [@CR20]\]. Jets, missing transverse energy, and related quantities are determined using the CMS particle-flow (PF) reconstruction algorithm \[[@CR40]\], which identifies and reconstructs stable particle candidates arising from a collision with an optimized combination of the signals measured from all subdetectors.

Jets are built from PF candidates using the anti-$\documentclass[12pt]{minimal}
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The missing transverse momentum vector $\documentclass[12pt]{minimal}
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The primary vertex of the event, representing the hard interaction, is selected among the reconstructed vertices as the one with the highest sum of the transverse momenta squared of the tracks associated to it.
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-------------------------------------------------------------------------------------

Events with a pair of leptons are selected online by a trigger system that requires the presence of two lepton candidates of the same flavour with $\documentclass[12pt]{minimal}
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### Selection in the semileptonic mode {#Sec6}
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Fig. 3The invariant mass distribution of the three-track system composed of a two-prong secondary vertex and a primary particle for events selected in the $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {D}^{*}(2010)^{\pm }}$$\end{document}$ mode, in the dielectron (left) and dimuon (right) channels. The mass assigned to each of the three tracks is explained in the text. The contributions from all processes are estimated with the simulated samples. The two dashed, vertical lines mark the mass range of the signal region. Vertical bars on data points represent the statistical uncertainty in the data. The hatched areas represent the statistical uncertainty in the MC simulation
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To ensure a clean separation between the secondary and primary vertices, the 2D-distance in the transverse plane between them, divided by the uncertainty in the distance measurement (defined as decay length significance) has to be larger than 3. Furthermore, to guarantee that the reconstructed vertex corresponds to a two-body decay of a hadron originating at the primary vertex, the momentum vector of the $\documentclass[12pt]{minimal}
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Systematic biases due to the background subtraction are expected to be negligible compared to the statistical uncertainty, because of the approximate agreement observed between data and simulation as shown in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}.
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Additional data and simulated samples consist of events from associated production of a $\documentclass[12pt]{minimal}
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The corrected secondary-vertex mass and JP discriminant distributions, normalized to unity, are presented in Fig. [5](#Fig5){ref-type="fig"} for the three analysis categories. The simulated $\documentclass[12pt]{minimal}
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The shape of the discriminant variables for $\documentclass[12pt]{minimal}
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Systematic uncertainties  {#Sec13}
=========================

Several sources of systematic uncertainties are identified, and their impact on the measurements is estimated by performing the signal extraction fit with the relevant parameters in the simulation varied up and down by their uncertainties. The effects are summarized in Fig. [10](#Fig10){ref-type="fig"}. The contributions from the various sources are combined into fewer categories for presentation in Fig. [10](#Fig10){ref-type="fig"}.Fig. 10Contributions to the systematic uncertainty in the measured $\documentclass[12pt]{minimal}
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One of the main uncertainties is related to the charm fractions for the production and decay of $\documentclass[12pt]{minimal}
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An additional systematic uncertainty is assigned to account for a possible mismodelling of the subtracted backgrounds. For the $\documentclass[12pt]{minimal}
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The reference signal simulated sample is generated with [MadGraph]{.smallcaps} +[pythia]{.smallcaps} 6 using the PDF CTEQ6L1 and reweighted to NNLO PDF set MSTW2008NNLO. The difference resulting from using other NNLO PDF sets is small ($\documentclass[12pt]{minimal}
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Uncertainties due to the pileup modelling are calculated using a modified pileup profile obtained with a $\documentclass[12pt]{minimal}
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=============================================================================================================================
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For the three categories of this analysis the $\documentclass[12pt]{minimal}
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We have also compared the measurements with predictions obtained with a sample of events generated with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} v2.2.1 \[[@CR66]\] (hereafter denoted as MG5_aMC) generator interfaced with [pythia]{.smallcaps} v8.212 \[[@CR67]\] using the CUETP8M1 tune \[[@CR68]\] for parton showering and hadronization. The matrix element calculation includes the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma (\mathrm{Z} +\mathrm{c})\,\mathcal {B} = 9.46\pm 0.04\,\text {(stat)} \pm 0.15\,(\text {PDF}) \pm 0.50\,(\text {scales})\,\text {pb} $$\end{document}$, but still in agreement with the measurement. Uncertainties in the prediction are evaluated using the reweighting features implemented in the generator \[[@CR71]\]. The quoted PDF uncertainty corresponds to the standard deviation of the predictions obtained using the one hundred replicas in the NNPDF3.0 PDF set. The scale uncertainty is the envelope of the predictions when the factorization and renormalization scales are varied by a factor of two or one half independently, always keeping the ratio between them less than or equal to two.
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The prediction computed with [mcfm]{.smallcaps} follows the calculation reported in Refs. \[[@CR72], [@CR74]\]. The leading contribution $\documentclass[12pt]{minimal}
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The [mcfm]{.smallcaps} prediction, which is a parton-level calculation, is corrected for hadronization effects so it can be compared with the particle-level measurements reported in this paper. The correction factor is computed with the [MadGraph]{.smallcaps} simulated sample comparing the predicted cross section using generator-level jets and parton jets. Parton jets are defined using the same anti-$\documentclass[12pt]{minimal}
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After the hadronization correction the [mcfm]{.smallcaps} prediction still misses contributions from the parton shower evolution, underlying event, and multiple parton interactions. An approximate value of the total correction due to these processes and hadronization is estimated using [MadGraph]{.smallcaps} and amounts to $\documentclass[12pt]{minimal}
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Predictions are produced using MSTW08 and CT10 PDF sets and a recent PDF set from the NNPDF Collaboration, NNPDF3IC \[[@CR76]\], where the charm quark PDF is no longer assumed to be perturbatively generated through pair production from gluons and light quarks, but is parameterized and determined along with the light quark and gluon PDFs. The PDF set where the charm quark PDF is generated perturbatively, NNPDF3nIC \[[@CR76]\], is also used.

No differences in the predictions are observed using either NNPDF3IC or NNPDF3nIC PDF sets. Differences among them start to be sizeable when the transverse momentum of the $\documentclass[12pt]{minimal}
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A prediction for the cross section ratio is also obtained with [mcfm]{.smallcaps}, as the ratio of the predictions for $\documentclass[12pt]{minimal}
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Potential effects of event migration between neighbouring bins and inside/outside the acceptance due to the detector resolution are studied using simulated samples. A detector response matrix is built with those events fulfilling the selection criteria both with generated and reconstructed variables. The element (*i*, *j*) in the matrix determines the probability that an event with generated $\documentclass[12pt]{minimal}
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Some migration of events between neighbouring bins in $\documentclass[12pt]{minimal}
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Theoretical predictions for the differential cross section and cross section ratio are also obtained with the two MC generator programs and with [mcfm]{.smallcaps}. They are shown in Fig. [11](#Fig11){ref-type="fig"} for comparison with the measured values. The uncertainties in the [MadGraph]{.smallcaps} predictions include the statistical and PDF uncertainties. Scale variations are additionally included in the uncertainties of MG5_aMC and [mcfm]{.smallcaps}. Predictions from MG5_aMC are higher than the predictions from [MadGraph]{.smallcaps} in the three bins of the $\documentclass[12pt]{minimal}
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